or their progenitors. Astrocytic gliomas account for 80 % of all malignant brain tumors [1] , with a yearly incidence of 6 per 100,000 people [2] . The most deadly of all brain tumors, glioblastoma multiforme (GBM), makes up more than half of the malignant gliomas diagnosed each year [1] , and, despite decades of concerted research effort and advancements in treatment, the 5-year survival remains less than 5 % [3] .
Introduction
As intrinsic or primary tumors of the brain, malignant gliomas are believed to derive from non-neuronal glial cells presence and degree of atypical cellular morphology, nuclear atypia, mitotic activity, necrotic tissue, and newly formed blood vessels [17] . Tumor grade determines treatment strategy and prognosis. Malignancy increases and prognosis decreases with higher grading; grade I astrocytoma has a 90 % 5-year survival rate compared to a grade Iv astrocytoma, which has <5 % 5-year survival rate.
Astrocytomas and GBMs make up over 75 % of malignant gliomas [1] , and therefore this review will focus mainly on these two tumor classifications. The diagnosis of GBM is given to grade Iv astrocytomas, which are the deadliest and most common glioma. Tumors may form as a glioblastoma (primary GBM) or may develop from previously diagnosed lower grade tumors (secondary GBM). The current standard of care for malignant glioma is surgical resection combined with radiation and temozolomide chemotherapy [18] . Surgery is beneficial in debulking the tumor mass; however, complete elimination of the tumor is usually impossible. The majority of tumors typically reoccur, and, when they do, they are more treatment-resistant than the original tumor [5] . As a result, median patient survival after initial diagnosis is 12-15 months for GBM and 2-5 years for other malignant astrocytomas [19] .
Glutamate release and uptake in the non-pathological brain

Glutamate
The amino acid l-glutamate (l-glu or glutamate) has several important roles in the brain, both as a metabolite and as a neurotransmitter. Glutamate is essential for proper cellular metabolism, and is important for developmental synaptogenesis, cellular migration, differentiation, and death. It is also involved in normal brain functions such as memory and learning. As a neurotransmitter, glutamate is the major amino acid mediating excitatory synaptic transmission in the central nervous system (CNS). In glutamatergic synapses, glutamate is vesicularly released by pre-synaptic neurons into the synaptic cleft and binds glutamate receptors located on post-synaptic neurons (for review, see [20, 21] ). These post-synaptic receptors are classified into three different families of glutamate receptors that mediate specific biological responses.
Glutamate receptors
Glutamate receptors are located in the plasma membrane of most neurons and glial cells [22, 23] . In order for glutamate to exert its signaling role in the brain, it must bind to and activate specific post-synaptic receptors. Primarily found in the CNS, glutamate receptors have been well studied in neuronal physiology, and recent evidence suggests that they play an important role in glial cell development as well as function [24] [25] [26] [27] [28] [29] [30] .
Glutamate receptors are divided into three families: N-methyl-d-aspartate (NMDA) receptors, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)/kainate receptors, and metabotropic receptors (mGluR) [31] . NMDA and AMPA/kainate receptors are ligand-gated ion channels classified as ionotropic receptors. Glutamate binding to NMDA and AMPA/kainate receptors triggers the opening of cation-specific ion channels that permit influx of mono-or divalent cations [32] . These glutamate-gated ion channels are tetrameric assemblies of different subunits that are Na + and/or Ca 2+ permeable [33] . The third family of glutamate receptors (mGluR) is classified as metabotropic receptors that respond to glutamate binding by activating intracellular signal transduction via G proteins. Ionotropic receptors respond more quickly to glutamate compared to metabotropic receptors [34, 35] .
NMDA receptor (NMDAR) activity is responsible for synaptic transmission involved with the synaptic plasticity that underlies learning and memory [32, 36, 37] . The NMDA receptor family consists of five receptor subunits (GluN1 and GluN2A-D) [38] . The hetero-tetrameric channels formed by these subunits have specific properties based on their subunit composition. The NR1 subunit is responsible for glycine binding, and is essential to create a functional receptor. The NR2s are glutamate-binding subunits, which allow the formation of the variety of NMDA receptors present in the brain. Upon glutamate binding, NMDA receptors become permeable to both Na + and Ca
2+
; however, it is Ca 2+ that mediates most of the physiological effects attributed to the NMDAR [37] . Increased intracellular Ca 2+ activates Ca
-dependent signal transduction pathways such as protein kinase A (PKA) [32] or CaMKII [39] .
Due to their ability to activate and desensitize more rapidly than NMDA receptors after glutamate binding, AMPA receptors (AMPAR) mediate fast excitatory synaptic transmission and play an important role in shaping synaptic plasticity [33, 36, 38] . The AMPA receptor family consists of four AMPA receptor subunits (GluR1-4) [38] . The subunits, in various combinations, form a functional channel. The channel's cation permeability is governed by the subunits present, most importantly GluR2. If a channel lacks the GluR2 subunit, then it will be permeable to both Ca 2+ and Na + ; however, if GluR2 is present, then it will almost always be calcium-impermeable [40, 41] . Most AMPA receptors in the mature brain contain GluR2, and therefore are not Ca 2+ -permeable, which is important because regulation of calcium permeability is key to normal brain functioning [41] .
Unlike the ionotropic glutamate receptors, G-proteincoupled mGluRs mediate slower glutamate responses. As these receptors are found both pre-and post-synaptically, they primarily serve a regulatory role in synaptic transmission by modulating the release of glutamate from presynaptic neurons and the response to glutamate on postsynaptic neurons [34] . In addition, they modulate NMDA and AMPA receptors, further controlling the postsynaptic neuronal response to glutamate, and, as such, have been found to influence synaptic plasticity [38, [42] [43] [44] [45] . Metabotropic glutamate receptors include eight subtypes, mGluR1-8. As G-protein-coupled receptors (GPCR), the mGluRs are either coupled to the phospholipase C/inositol triphosphate/ diacylglycerol pathway or negatively coupled to the adenylate cyclase pathway [33, 34] .
Glutamate transporters
Excitatory amino acid transporters (EAAT)
Glutamate is an important molecule in the CNS and therefore is abundant in the brain; however, its role as a potent signaling molecule necessitates that the vast majority of CNS glutamate be contained intracellularly [33] . Maintaining low levels of extracellular glutamate is critically important for normal brain function, and an imbalance in glutamate homeostasis can have detrimental consequences (discussed in the next section). Glutamate transporters found on both neurons and glial cells remove most of the extracellular glutamate [46] to maintain low extracellular concentrations [33] and prevent aberrant glutamate signaling. It is generally accepted that most glutamatergic synapses are associated with astrocytic processes that abundantly express glutamate transporters, allowing rapid removal of glutamate from the synaptic cleft [36, [46] [47] [48] . Additionally, glutamate transporters are located presynaptically as well as extra-synaptically and on glial cells to further remove excess glutamate that diffuses out of the synaptic cleft during signal transduction [46, 49] .
Sodium-dependent excitatory amino acid transporters (eAAT) are the principal glutamate transporters responsible for extracellular glutamate homeostasis in the brain. There are five cloned 'high-affinity' Na + -dependent eAATs (for review and references, see [33] ): eAAT1/GLAST, eAAT2/GLT1, eAAT3/eAAC1, eAAT4, and eAAT5. These glutamate transporters are Na + -and K + -dependent, and transport l-and d-aspartate along with l-glutamate (Fig. 1) . eAAT3 [50] and eAAT4 are neuronal glutamate transporters, with eAAT4 predominately expressed in cerebellar Purkinje cells, although small amounts have been found in a subpopulation of neurons in the forebrain [51] [52] [53] . eAAT5 appears to be specific to retinal cells [54, 55] and expressed in other peripheral tissues [56] . eAAT1 and eAAT2 are primarily astrocytic glutamate transporters [57] [58] [59] , although studies have found some eAAT2 expression in axon-terminals of glutamatergic neurons [49, 60, 61] . eAAT2/GLT1 is the most well studied and abundant glutamate transporter that accounts for nearly 1 % of the brain's protein [62] and nearly 95 % of total forebrain glutamate uptake activity [63, 64] .
System x c − (SXC)
In addition to glutamate uptake through eAAT glutamate transporters, a Na + -independent cystine/glutamate exchanger, system x c − (SXC), also influences extracellular glutamate levels. Although not as robustly expressed as eAAT in the normal brain, SXC plays an important role in cellular protection. Studies conducted in vitro indicate that SXC is predominantly expressed by astrocytes [65] , but is also expressed by oligodendrocytes [66] , microglia [67] , immature cortical neurons [68] , and in cell types outside the CNS. Less is known about SXC localization in vivo due to lack of effective antibodies; however, expression in mouse and human brain has been confirmed by both Fig. 1 Glutamate transporters in the non-pathological brain. Two glutamate transporters, system x c − (SXC) and the excitatory amino acid transporters (EAAT), function in concert to support normal brain function and glutamate (Glu) homeostasis. SXC is a Na + -independent, Cl − -dependent, cystine (Cys-Cys)/glutamate exchanger. SXC provides intracellular cysteine (Cys) for synthesis of glutathione (GSH). eAAT removes glutamate released into the extracellular space from SXC and other sources, maintaining extracellular glutamate homeostasis. eAAT also provides intracellular glutamate, which combines with cysteine (from SXC) and glycine (Gly) to form GSH, an important molecule for intracellular redox control and cellular protection. eAAT is a family of Na + -dependent transporters that exchange a proton and K + along with uptake of glutamate. In the non-pathological brain, SXC and eAAT complement each other by providing a glutamate gradient for SXC-mediated cystine uptake and prevention of glutamate toxicity in the surrounding brain western blot and immunohistochemistry [66, 69] . Studies using antiserums developed in-house have found that both human and mouse astrocytes express SXC, but there is conflicting evidence for the presence and function of neuronal SXC [66, 70] . Clearly, better antibodies and more in vivo studies are needed to fully characterize the expression of SXC in the brain [71] .
SXC acts by exchanging intracellular glutamate for extracellular cystine in a 1:1, electroneutral, Cl − -dependent, Na + -independent manner [72, 73] (Fig. 1) . The uptake of cystine, which is reduced intracellularly to cysteine, becomes the rate-limiting step for glutathione (GSH) synthesis. GSH, a non-protein thiol composed of glutamate, cysteine, and glycine, is a critical intracellular antioxidant in the CNS [74] [75] [76] that neutralizes reactive oxygen species (ROS), which are continuously generated as a result of oxidative metabolism [73, 77] . In most living cells, GSH maintains intracellular redox homeostasis and prevents cell damage from the toxic effects of ROS. Cells can tolerate low amounts of ROS; however, high levels incur rapid and irreversible damage, thus 0.1-10 mM of GSH is typically present in most cells. To maintain this intracellular redox control, cells ramp up SXC expression and activity in order to provide more intracellular cystine to replenish GSH [76] .
SXC belongs to the heteromeric amino acid transporter (HAT) family and is composed of a heavy subunit, CD98 (or 4F2hc), and a light subunit, xCT, coupled by a disulfide bridge. The two subunits must be bound for the transporter to function. xCT confers activity of the transporter and CD98 regulates its trafficking to the cell membrane [73, 77] . Since CD98 is constitutively expressed on the membrane and interacts with other subunits, the expression of xCT is used as an indicator of SXC activity. expression of xCT is induced through an antioxidant response element (ARe) or electrophile response element (epRe) promoter region that becomes activated by oxidative stress or electrophiles [77] . As a result, SXC is an inducible transporter that can be upregulated when cells need to increase production of GSH [78] [79] [80] . In addition to its role as an intracellular antioxidant, GSH is essential to maintain cellular redox state, metabolism, protein and nucleic acid synthesis, and as a form of cysteine transport and storage [81, 82] . Refer to Fig. 2a for an overview of glutamate transporters and receptors in the non-pathological brain.
Sodium-coupled neutral amino acid transporters (SNAT)
Astrocytic glutamate uptake limits the accumulation of extracellular glutamate, which is important to prevent glutamate toxicity and aberrant synaptic transmission. However, upon release of glutamate from neuronal synaptic vesicles, neurons must replenish glutamate for continued glutamatergic synaptic transmission. Neurons depend on astrocytic-derived glutamine to resynthesize glutamate, due to their lack of pyruvate carboxylase. This enzyme, which is found in astrocytes but not neurons, is required to synthesize glutamate from glucose or lactate [83] . Astrocytes can recycle glutamate enzymatically after uptake by converting it to glutamine using the cytoplasmic enzyme glutamine synthetase [84] . Glutamine is then released into the extracellular space through system N transporters (SN), also known as sodium-coupled neutral amino acid transporters (SNAT), taken up by neuronal system A transporters (SAT) [85, 86] , and used to resynthesize glutamate through the action of the mitochondrial enzyme phosphate-activated glutaminase [87, 88] . Once converted back to glutamate, it can be packaged into synaptic vesicles by vesicular glutamate transporter (vGLUT) molecules [89, 90] , and is again ready for release into the synaptic cleft during neuronal excitatory signaling. This glutamine-glutamate cycle pathway is critical for the replenishment of neuronal glutamate while maintaining low extracellular glutamate levels.
Glial glutamate transporters, specifically SNAT3 and SNAT5 (also known as SN1 and SN2, respectively), function in the bidirectional electroneutral movement of glutamine across astrocytic membranes [91] [92] [93] [94] [95] . These transporters, enriched in the processes of glial cells, are coupled to sodium co-transport and proton exchange. SNAT5 also transports the amino acids alanine, serine, histidine, asparagine, and glycine, and its distribution closely correlates with that of vGLUT molecules [92] . Interestingly, the membrane trafficking of SNAT3 resembles that of eAAT1 and eAAT2. Recent findings suggest a functional and physical coupling between eAAT1 and SNAT3 in astrocytes [96] . Astrocytes seem to respond to neuronal glutamate release and astrocytic glutamate uptake by upregulating SNAT-mediated transport activity [97] [98] [99] . Therefore, these glutamine transporters are inherently important in maintaining glutamate homeostasis and proper metabolic functioning in the non-pathological brain. In addition, gamma-aminobutyric acid (GABA), the inhibitory neurotransmitter that regulates neuronal excitability, is also synthesized through the glutamine-glutamate cycle. GABA synthesis and function is beyond the scope of this review, but see [98, 100, 101] for reviews of GABA and the glutamine-glutamate cycle.
Maintenance of glutamate homeostasis in the brain
Importance of maintaining glutamate homeostasis in the CNS Glutamate transporters are critical to maintain normal excitatory signaling in the brain (Fig. 1 ). In the non-pathological brain, extracellular glutamate concentrations are tightly maintained at ~1 μM [102, 103] , but can be as low as 25 nM [104] . The synaptic cleft, where the majority of glutamate movement occurs, is designed so that glutamate transporters are in close proximity to rapidly remove glutamate after release (Fig. 2a) . This rapid re-uptake prevents prolonged glutamatergic signaling and damaging excitotoxicity.
Prolonged exposure to high concentrations of extracellular glutamate can kill neurons. In vitro experiments using cultured brain slices have shown that eAAT inhibition causes a rapid increase in extracellular glutamate within seconds [105] . when glutamate concentrations build up, excessive and unregulated binding to glutamate receptors results in Ca 2+ -mediated neuronal excitotoxicity and rapid and/or delayed neuronal death. Due to its high Ca 2+ permeability and incomplete desensitization, NMDA receptors are thought to be the main mediators of glutamate-induced excitotoxicity and death, although AMPAR and mGluR also play a role [106] .
Overstimulation of NMDARs causes constitutive activation of the receptor that result in excessive Ca 2+ influx into neurons. Increased intracellular Ca 2+ triggers many intracellular events, which ultimately cause neuronal death due to bioenergetic failure and apoptotic factor release. Mitochondrial dysfunction and generation of ROS seem to be the most important mediators of cell death. These events result from membrane depolarization that occurs upon mitochondrial Ca 2+ uptake. Mitochondrial membrane depolarization leads to inhibition of ATP production, depletion of cytosolic ATP, and increased formation of ROS, all of which then trigger further mitochondrial damage and ultimately cell death. In addition, increased intracellular Ca 2+ activates a host of other signaling pathways cells by providing increased cystine uptake, which after intracellular reduction to cysteine (Cys), is used for glutathione (GSH) synthesis. GSH, an intracellular antioxidant, is especially important in malignant cells as they neutralize reactive oxygen species (ROS) produced. Additionally, elevated extracellular glutamate interacts with glioma glutamate receptors (AMPAR and mGluR) to stimulate cell proliferation, migration, and invasion. with the loss of glutamate homeostasis, neurons become susceptible to glutamate-mediated excitotoxicity and death as a result of overstimulation of neuronal glutamate receptors, which leads to uncontrolled intracellular Ca 2+ rises, aberrant neuronal signaling, and ultimately excitotoxic neuronal death. Additionally, we hypothesize that glioma cells alter peritumoral astrocyte eAAT function, preventing them from being able to re-establish glutamate homeostasis, as they would in the non-pathological brain. (Image is not drawn to scale) and events that contribute to neuronal cell death [37, 107, 108] . Glutamate binding also activates both AMPARs and mGluRs. AMPAR activation increases Na + influx into neurons, depolarizes the membrane, and activates both voltage-dependent Ca 2+ channels and NDMARs; mGluRs, as GPCRs, are coupled to multiple signaling pathways that also increase cytosolic calcium, all of which contribute to additional Ca 2+ influx. Furthermore, changes in membrane excitability due to excessive glutamate binding affects normal glutamatergic signaling [108] , creating a hyperexcitable network that is more susceptible to seizure-type activity.
Glutamate homeostasis and neurological diseases
Glutamate homeostasis is disrupted in numerous neurological diseases; both increased and decreased glutamate levels have been implicated in the pathology of various diseases. Dysfunction and/or loss of expression of glutamate transporters is commonly seen, which may explain in part why excitotoxicity is a common death pathway in neurological pathologies such as ischemia, trauma, stroke, and neurodegeneration [see [33] for more in depth discussion of the role of glutamate transporters in disease].
Ischemia occurs when localized blood supply is insufficient or absent, resulting in reduced levels of oxygen and metabolic substrates (i.e. glucose) and a loss of detoxification mechanisms in the presence of damaging metabolites (i.e. CO 2 ). Reduced blood flow depletes the energy supply of the brain, making brain cells highly vulnerable to damage [33] . In addition, ischemic conditions result in the buildup of extracellular glutamate [109] [110] [111] , and neurons already deprived of energy become further stressed by the excitotoxic environment [110] . Glutamate is released in high concentrations during ischemia in part due to neuronal energy failure that collapses ion gradients and reverses glutamate transporters [112] . Ischemia mediates much of the pathology associated with traumatic brain injury and stroke, and therefore these conditions show similar types of excitotoxic damage.
Neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS), Alzheimer's, Huntington's, and Parkinson's, demonstrate excitotoxicity as part of their pathology [102, 108] . Neurodegeneration results from the loss of structure and function of neurons, and, in many of these neurodegenerative diseases, this loss can be attributed to glutamate-mediated neuronal dysfunction and death [113] . (For more information on glutamate's role in these diseases, see [33, 108] .) Interestingly, malignant glioma share many features of neurodegenerative diseases, including glutamate-mediated neuronal excitotoxicity, and, as such, it has been suggested that glioma should also be considered a neurodegenerative disease [114] .
Loss of glutamate homeostasis in glioma Glioma cells do not display the same expression of glutamate transporters as their non-malignant counterparts. To support their rapid growth and metabolism, they increase cystine uptake through SXC to enhance proliferation and ROS detoxification [76, 115] . Consequently, glioma cells release large amounts of glutamate into the extracellular space (Fig. 2b) .
In the non-pathological brain, high extracellular glutamate concentrations are easily managed through eAATmediated glutamate uptake. However, glioma cells appear to have lost the ability to take up glutamate. even after being challenged with 100 μM of glutamate in culture conditions, glioma cells continue to release excess glutamate into the medium, whereas astrocytes quickly remove excess glutamate within a few hours. Further investigations discovered that glioma cells lack eAAT2-mediated glutamate transport [12, [116] [117] [118] [119] [120] [121] . These findings were corroborated by a microarray analysis of human glioma biopsies demonstrating the absence of eAAT2 expression in patient glioma tissue [116] . The absence of eAAT2 may result from DNA methylation [122] , aberrant splicing of eAAT2 mRNA [121] , and/or nuclear mis-localization of eAAT2 protein [119] in these tumors. As eAAT2 is responsible for most of the glutamate uptake in the normal mature brain, its absence in glioma cells that are quickly overtaking normal brain drastically alters localized glutamate homeostasis. In addition to eAAT2, most commonly used glioma cell lines have no functional activity of any eAAT. A few of the astrocytoma cell lines do have detectable transcripts for eAAT1 and/or eAAT3; however, actual transporter function has been detected in a minority of glioma cell lines, and, interestingly, in these cases the primary transporter that is mediating uptake is neuronal eAAT3 [118, 123] .
The release of glutamate by gliomas has been well studied in in vitro, in vivo, and in the patient population [6, 10, 12, 13, 117, 124, 125] . Most striking are clinical studies that show cerebrospinal fluid from ambulatory glioma patients contains up to 400 μM glutamate, 400-fold the normal glutamate concentration and well above the threshold for excitotoxicity. This finding, as well as those in animal models, questions what happens to peritumoral astrocytes that normally maintain glutamate homeostasis. In the non-pathological brain, astrocytic eAAT2 is responsible for the majority of glutamate uptake, and astrocytes can quickly reduce large extracellular glutamate concentrations back to non-lethal levels [117] . Therefore, it serves to reason that if glutamate levels are elevated peritumorally, then the tumor must also be influencing astrocytic glutamate uptake, otherwise peritumoral astrocytes would control glutamate levels. we hypothesize that gliomas influence astrocytic downregulation of eAAT2, leading to the elevated peritumoral levels seen in glioma patients and in animal models. In support of our hypothesis, a recent study investigating elevated glutamate levels in neuroinflammation found that microglial-mediated glutamate release downregulated astrocytic eAAT expression [126] . Therefore, it is possible that glutamate release by gliomas (and most likely other glioma-released factors) induces the loss of astrocytic glutamate uptake, allowing for perturbation of glutamate homeostasis.
The sodium-coupled neutral amino acid transporters may also play a role in the biology of glioma. The astrocytic transporters SNAT3 and SNAT5 are able to bidirectionally transport glutamine. Glutamine is an important metabolite in tumor cells, one which gliomas cannot synthesize themselves [127, 128] . One study found that SNAT3 expression is increased in GBM tissues compared to lower grade glioma and normal brain, suggesting that SNAT3 expression may be a marker of highly malignant glioma [129] . Therefore, it is conceivable that the upregulation of glutamine transporters may enhance tumor cell metabolism. In addition, glioma cells require glutamine uptake for growth [130] , and, as they express glutaminase [131] , the enzyme that mediates the reaction of glutamine to glutamate, glutamine transporters may enhance intracellular glutamate synthesis by providing substrate for release through SXC. Clearly, more work is needed to elucidate what, if any, role these transporters play in glioma biology.
Additionally, glioma cells express NMDA, AMPA, and mGluRs [132] [133] [134] [135] . Interestingly, electrophysiological studies suggest that the electrophysiological properties of glioma cells are more functionally similar to neurons than glial cells [136] [137] [138] due to the function of these receptors. when glutamate receptors are activated in tumor cells, action potentials reminiscent of neuronal activity can be elicited. Increases in intracellular cytosolic Ca 2+ concentrations are also detected [137, 138] . what the role of these action potentials might be, and whether they are of any biological significance, remains unclear.
while a loss of glutamate homeostasis is clearly detrimental to the brain tissue surrounding tumors, it is advantageous for glioma growth and survival. The next section will discuss the specific advantages glutamate provides for glioma cells and the devastating effects it has on the brain.
Glioma glutamate transporters confer a biological advantage
Gliomas alter glutamate transporter and receptor expression to enhance their own growth and survival ability (Fig. 2) . In the non-pathological brain, SXC and eAAT work in concert to protect the brain from too much extracellular glutamate and too little intracellular cystine and GSH (Fig. 1) .
Recent research has uncovered the ability of glioma cells to upregulate SXC and downregulate eAAT to alter glutamate homeostasis for their own advantage.
enhanced survival
Glutathione is an important antioxidant present in most cells, and its levels are known to be increased in a number of human cancers, including brain tumors [82, 139] . The ability of tumor cells to increase intracellular GSH synthesis provides growth and survival advantages against both intrinsic and extrinsic factors. Non-malignant cells continuously produce ROS as a by-product of normal oxidative metabolism [77, 140] . Glioma cells undergoing rapid proliferation increase their metabolic rate, and as a result produce ROS much more quickly than normal brain cells. In response to oxidative stress and ROS, glioma cells upregulate SXC activity to provide intracellular cystine for enhanced GSH synthesis. This increased GSH production prevents ROS-mediated cell death from increased proliferation [82] .
As tumor cells proliferate and the tumor mass expands, it outgrows its blood supply and oxygen becomes limited, creating chronically hypoxic areas within the tumor. Hypoxia induces production of ROS, which threatens cell survival. Glioma cells prevent hypoxia-mediated death by increasing cystine uptake through SXC for the production of GSH. Increased GSH neutralizes ROS, preventing cell destruction from hypoxia [80] ; GSH has also been linked to control of cellular apoptosis cascades; higher levels of GSH inhibit apoptosis signaling, further protecting cells from degradation [82] .
In addition to protection from these intrinsic metabolic factors, GSH protects cells from extrinsic factors introduced during treatment. Cancer cells commonly develop resistance to chemotherapeutic agents, and GSH plays an important role in the development of this resistance. In glioma and other cancers, higher GSH levels often correlate with greater treatment resistance [141, 142] . Ionizing radiation, both environmentally and therapeutically delivered, kills cells either by directly or indirectly damaging DNA. Indirect damage is accomplished through creation of hydroxyl free radicals (OH·) from water that then interact with DNA and cause cell death [76, 142] . GSH acts to neutralize these intracellular free radicals and prevent the cytotoxic effects of radiation [143] . when astrocytes in culture are irradiated, intracellular GSH increases in a dose-dependent manner [144] , suggesting that the cellular response to radiation-induced free radicals is to increase GSH production and utilization.
GSH also protects cells from drug-induced oxidative stress by stimulating the efflux of xenobiotics [77] . when chemotherapeutic drugs enter cancer cells, they are recognized as foreign and can be conjugated to GSH and excreted out of the cell via a family of GSH transporters called multidrug resistance proteins (MRP). This mechanism essentially allows the cell to reject the offending drug, protecting itself from chemotherapeutic toxicity [77, 82] .
In cancer cells, GSH activity has been linked to better survival, enhanced growth, and increased drug and radiation resistance [82] . The ability of SXC to enhance tumor growth and survival by providing cystine for GSH synthesis [78] seems essential for many tumors, attested to by the fact that most studies of glioma cells have found increased SXC expression and/or activity [115, 117, 119, 145] . enhanced migration and invasion SXC plays an important role in glioma cell migration and invasion. experimental SXC inhibition in animal models, either pharmacologically with the drug sulfasalazine (SAS), or by siRNA knockdown of xCT, results in better cell-cell adhesion, less cell-extracellular matrix adhesion, and a decrease in cancer cell metastasis. These effects result from the GSH depletion that occurs after SXC inhibition, leading to ROS accumulation and oxidative stress. ROS-mediated p38 MAPK activation causes upregulation of caveolin-1. Caveolin-1 recruits β-catenin to the cell membrane, enhancing cell-cell adhesion and preventing cell invasion [8] . These findings suggest that SXC directly influences glioma cell migration and invasion.
SXC-mediated glutamate release works in an autocrine/ paracrine manner to promote Ca 2+ -mediated glioma metastasis. GBM cells express GluR2-lacking AMPA receptors [146] , possibly due to an under-editing of GluR2 RNA [147] , creating AMPARs that are highly Ca 2+ -permeable. experimental conversion of Ca 2+ -permeable AMPARs into Ca 2+ -impermeable receptors using adenoviral vector-mediated transfer of GluR2 DNA inhibits cell migration and invasion, as well as induces apoptosis [134] . SXC activity can be detected by the presence of intracellular Ca 2+ oscillations. Blocking glioma AMPARs inhibits these oscillations and, in turn, glioma cell migration. SXC inhibitors SAS and S-(4)-CPG also inhibit glioma cell migration in vivo [10] .
Further, AMPAR expression correlates with an increase in surface expression of β1 integrin, a molecule implicated in glioma invasion, and AMPAR stimulation increases glioma cell de-adhesion from surrounding cells [9] . Glial AMPA receptors activate the focal adhesion kinase (FAK), which influences cytoskeletal rearrangement and focal adhesion contact formation [148, 149] . In glioma cells, inhibition of FAK activity leads to cell detachment, apoptosis, and inhibition of cell invasion and motility [150] [151] [152] . β1 integrin activates FAK, and in patient tumor tissue overexpression of either β1 integrin or FAK correlates with decreased survival. Taken together, these findings support the view that Ca 2+ -permeable AMPARs serve to support tumor invasion in vivo.
enhanced growth
Stimulation for growth
Glutamate also acts in an autocrine/paracrine manner to directly promote glioma growth, specifically through AMPARs and mGluRs. Glioma AMPAR inhibition decreases cell proliferation, increases cell death, and enhances susceptibility of cells to chemotherapeutics [132] . Through Ca 2+ -dependent and Ca
2+
-independent mechanisms, AMPARs are important mediators of glioma cell growth. Ca 2+ influx into glioma cells through AMPARs activates Akt, which has anti-apoptotic activity. Blocking AMPAR activity inhibits Akt activation and induces apoptosis. AMPA receptor activity also activates the MAPK pathway, which is independent of Ca 2+ influx, providing another mechanism for glioma cell proliferation [153] . In line with these findings, in tissue microarray analysis of human glioma tumor samples and GBM tumor stem cells [or brain tumor initiating cells (BTIC)], high-grade gliomas overexpress GluR1 and Ca
-permeable AMPA receptors [154] . Additionally, glioma cell proliferation is reduced following exposure to an mGlu2/3 inhibitor, LY341495 [133] . Inhibition of mGlu2/3 reduces eRK1/2 phosphorylation, further implicating the MAPK pathway in glioma cell proliferation. These findings contrast with previous data showing that mGlu2/3 receptor activation decreases astrocytic proliferation [155] , suggesting mGluRs may undergo a malignant transformation in glioma cells.
Regulation of eAAT2 expression and function may be another mechanism tumor cells use to promote their own growth and malignancy. One study looking at the relationship between the astrocyte elevated gene-1 (AeG-1), an oncogene that is overexpressed in 90 % of brain tumors, suggests that there is a strong negative correlation between expression of AeG-1 and eAAT2 in glioma patient tissue samples. Transcriptionally, AeG-1 was found to negatively regulate eAAT2 expression [156] . Interestingly, eAAT2 expression seems to be inversely correlated with tumor grade, increasing with decreasing tumor grade. Grade Iv astrocytomas (GBMs) express little to no eAAT2 while Grade II express the highest levels [157] , suggesting loss of eAAT2 expression enhances tumor malignancy.
Space for growth (peritumoral excitotoxicity)
Due to their location in the brain, gliomas are faced with a unique and challenging environment in which to grow. Unlike most systemic tumors, which have unrestricted growth space in soft tissue, brain tumors are physically limited to the constraints of the skull. The brain is composed of 85 % tissue and 15 % CSF, and, therefore, in the early stages of growth, the tumor mass can push into the fluid spaces of the brain. For continued growth, however, the tumor must begin integrating into normal brain tissue. Gliomas have developed the ability to vacate space for their own growth and expansion by destroying surrounding brain [158] .
Recently, unopposed glutamate release from glioma cells has been implicated as the mechanism allowing these tumors to create space for growth. Studies have found that gliomas release glutamate in sufficient quantities to cause neuronal cell death [115, 159] , which is mediated by prolonged activation of neuronal NMDA receptors resulting in Ca 2+ influx and Ca
2+
-mediated cell death [102] . Interestingly, administration of the competitive NMDA receptor antagonist MK801 or uncompetitive NMDA receptor antagonist memantine to glioma-bearing mice attenuates tumor growth but does not reduce cellular proliferation [160] . These findings suggest that gliomas need to create space in order to grow as a large mass in the brain.
This hypothesis is further supported by results from experiments on glioma cell lines engineered to release glutamate in different amounts [160] . Following intracranial implantation of these cloned cell lines into rodents, cells that release the most glutamate form the largest tumors, while clones unable to secrete glutamate fail to establish tumors. Peritumorally, a greater number of degenerating neurons are seen surrounding glutamate-releasing tumors in mice, and neuronal death is attenuated by administration of MK801. The inability of non-glutamate-releasing tumors to kill surrounding neurons restricts tumor growth, supporting the idea that gliomas have the innate ability to destroy normal brain and occupy the vacated space. SXC is the only transporter that has been found in glioma cells that has the ability to release large amounts of glutamate [117] . SXC upregulation combined with eAAT downregulation provides glioma cells with the ability to grow without space limitations [119] .
Glioma and seizures
Most recently, glutamate has been implicated in the peritumoral seizure activity that is commonly seen in brain tumor patients. As many as 80 % of patients with gliomas experience at least one seizure during the course of their illness [161, 162] , and, for many, it is the presenting symptom of the tumor. Numerous theories have been proposed as to the underlying mechanism behind tumor-associated seizures, such as peritumoral amino acid dysregulation and dysfunction of NMDA glutamate receptors on peritumoral neurons [163] ; however, little evidence as to the true pathophysiology has been uncovered until recently.
Glutamate is involved in many seizure disorders, and clinical studies have found that extracellular glutamate concentrations are increased prior to seizure occurrence, suggesting that glutamate may precipitate seizure activity [164] . Animal studies in mice and clinical studies in awake, ambulatory glioma patients, have found that glutamate is highly elevated in peritumoral brain [12, 124, 160, 165] . Additional studies in glioma-implanted mice have found that the epileptic focus is often located within 2 mm of the tumor mass [166] . The finding that glioma cells, through an upregulation of SXC and downregulation of eAAT [119] , release concentrations of glutamate that is excitotoxic to neurons [117] spurred interest in SXC as a contributor to tumor-associated seizures. A recent paper showed that glutamate release from glioma cells via SXC induces epileptic activity in human glioma-bearing mice [13] . In this study, electroencephalogram (eeG) recordings detected spontaneous and recurring abnormal brain activity that is significantly diminished following treatment with SAS.
An electrophysiological study of peritumoral neuronal networks further supports the idea that SXC-mediated glutamate release induces epileptic activity. Peritumoral neurons display spontaneous epileptiform activity, as well as alterations in synaptic transmission and hyper-excitability. Additionally, SAS application abolishes Mg 2+ -freeinduced ictal-like network activity in acute brain slices from tumor-bearing animals [167] . These findings indicate that SXC is a major source of glutamate that contributes to the hyper-excitable peritumoral environment.
Clinical studies of SXC and eAAT in patients have seen similar correlations between expression of these glutamate transporters and seizure activity. In a recent study looking at 288 glioma patients, investigators found that 42 % of the patients had tumor-associated seizures. Hallmarks associated with an increased risk of these seizures are increased glutamate concentrations, reduced eAAT2 expression, and increased SXC expression [12] .
Putting it all together: gliomas exploiting an endogenous neurotransmitter to enhance their biology and gain a survival advantage in the brain Brain tumors are a unique type of cancer. Their location in the brain presents challenges to which gliomas have adapted well. Glutamate, an excitatory neurotransmitter critical to normal brain function, is used to ensure the growth and survival of tumor cells at the expense of normal brain tissue. The upregulation of SXC provides both protection and growth advantages through uptake of cystine and release of glutamate. Intracellular cystine is used to synthesize GSH, which protects against cell death due to intrinsically generated oxidative stress and radio-and chemotherapy generated free radicals. As a consequence of cystine uptake, glutamate is released in large amounts into the extracellular space, perturbing normal glutamate homeostasis. The loss of eAAT expression in glioma cells, combined with the likely dysfunction of glutamate transporters on astrocytes, prevents re-establishment of glutamate homeostasis. elevated extracellular glutamate binds to NMDARs, AMPARs, and mGluRs that are overexpressed on glioma cells, therefore enhancing their survival, growth, migration, and invasion in the brain. Despite these growth and survival adaptations, gliomas could not continue to grow if they did not have space. excessive glutamate overactivates neuronal NMDA receptors, ultimately killing neurons to clear space for their continual growth. See Figs. 2 and 3 for an overview of these biological advantages glutamate transporters provide to malignant glioma.
Translating glioma biology to patient management and treatment: clinical potential and outlook
The role of glutamate transporters in glioma biology is supported clinically and offers unique treatment challenges and opportunities. A clinical study of 40 patients with GBM determined that xCT expression is elevated in 50 % of patient tumors. Increased xCT expression correlates more strongly with an infiltrative phenotype on MRI and is significantly associated with shorter periods of remission and more rapid mortality [11] . In addition, patient tumor samples measured thus far have not shown eAAT2 immunoreactivity, attesting to the loss of this important glutamate transporter in patient tumors.
In addition to SXC and eAAT, one may also argue that seizures are a precursor to, or biomarker for, tumor growth and progression. evidence from in vitro, in vivo, and clinical studies strongly supports the idea that increased SXC and decreased eAAT activity leads to faster tumor progression, higher extracellular glutamate levels, and a greater incidence of tumor-associated seizures. Therefore, it is conceivable that seizures could be used clinically to indicate tumor growth, as they are used as an indicator of disease on a patient's first presentation.
Numerous pre-clinical studies and clinical trials are currently ongoing for glioma. Many promising treatments target glutamate-related aspects of tumor biology [114] . Currently prescribed drugs, such as valproic acid [168, 169] and beta-lactam antibiotics [170] , increase eAAT expression and may prove to be beneficial in regulating − (SXC) and loss of excitatory amino acid transporter (EAAT) glutamate transporters in glioma cells alter glutamate homeostasis in the brain. SXC-mediated cystine (Cys) uptake provides substrate for synthesis of glutathione (GSH), an important intracellular antioxidant that promotes cell survival. Glutamate (Glu) released in exchange for cystine uptake increases extracellular glutamate concentrations. excess glutamate works in an autocrine/paracrine manner by activating glutamate receptors on glioma cells to promote tumor growth and invasion. Similarly, glutamate overstimulates glutamate receptors on surrounding neurons, causing excitotoxic neuronal death, which creates space for further tumor growth. Tumor growth and neuronal excitotoxicity lead to tumorassociated seizures and epilepsy in patients with malignant glioma peritumoral glutamate levels and decreasing tumor growth. Propentofylline, a drug which increases eAAT1 and eAAT2 expression, increases astrocytic glutamate uptake in vitro, and causes increased glioma cell apoptosis as a result of decreased extracellular glutamate concentration [171] . These and other in vitro studies suggest pharmacologically increasing eAAT expression in the tumor or in peritumoral tissues may be neuroprotective and an effective adjuvant therapy to decrease tumor growth [12, 116, [172] [173] [174] . Talampanel, an allosteric inhibitor of AMPAR, is currently in a phase II clinical trial, and may provide a survival advantage when used in combination with current therapy [175, 176] . NMDAR and AMPAR antagonists have shown promise by enhancing the effects of cytostatic drugs in culture [132] , and they may be a useful adjuvant treatment to sensitize glioma cells to chemotherapy. In preclinical studies, SAS, a potent SXC inhibitor, is effective in slowing tumor growth and decreasing SXC-mediated tumor glutamate release and resulting seizure activity [7, 13, 77] . A clinical trial is currently underway to determine the effectiveness of SAS in lowering peritumoral glutamate levels and to assess the efficacy of SAS treatment in reducing tumor size and seizure burden.
Gliomas are one of the most challenging cancers to treat, which is apparent by the lack of treatment advances that have led to improvements in patient survival. Their location, combined with their unique biology, makes them unlike the majority of solid tumors found in the body. As a result, these tumors warrant a new and innovative treatment strategy. As we learn more about the biology of malignant gliomas, we hope to be able to offer more efficacious treatments and eventually a cure for these tumors.
Conclusions
The interaction of glutamate, glutamate transporters, and glutamate receptors has a significant role in the malignancy of gliomas. Research over the past couple of decades has implicated glutamate as an important player in tumor growth, survival, and peritumoral seizure activity. More recently, research has linked the upregulation of SXC and subsequent downregulation of eAAT with excessive tumor glutamate release. Although the chances are that the story is much bigger than glutamate and its transporters and receptors, the evidence reviewed here presents at least part of the picture of how and why malignant gliomas are such devastating tumors, cause such serious side effects, and prove to be almost impossible to cure. 
